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ABSTRACT 


This  is  the  final  report  on  a  study  of  the  detection,  using  an  x-ray 
emission  signature,  of  hits  on  target  by  neutral  particle  beam  directed 
energy  weapons.  The  basic  conclusion  of  the  study  is  that  a  detectable 
signature  is  produced  by  the  deposition  in  a  target  of  an  amount  of 
energy  which  is  small  compared  with  that  needed  for  a  lethal  hit.  This 
result  is  cause  for  optimism  about  the  feasibility  of  x-ray  hit  detec¬ 
tion.  Two  potential  obstacles  to  successful  hit  detection  were  consid¬ 
ered  in  the  study.  They  are  the  naturally  occurring  x-ray  background 
and  x-ray  absorption  by  the  residual  atmosphere.  The  background  problem 
can  be  countered  by  using  spectral  discrimination  techniques.  The 
struck  target  emits  characteristic  x-rays,  most  strongly  the  K-llne  of 
the  target  material.  If  the  target  is  metallic  in  composition,  e.g. , 
nickel,  aluminum  or  steel,  the  natural  background  flux  at  the  wavelength 
of  the  signature  line  is  small.  The  background  contribution  to  the  de¬ 
tector  output  can  be  made  negligible  by  narrowing  the  detector  bandpass 
around  the  line.  The  effects  of  x-ray  absorption  by  the  residual  atmo¬ 
sphere  were  found  to  be  negllble  for  targets  above  200  km  in  altitude. 
For  targets  at  lower  altitudes  detection  Is  unaffected  by  attentuatlon 
for  nickel  or  steel-containing  targets,  but  problems  exist  for  materials 
such  as  aluminum  or  luclte  with  longer-wavelength  K-lines.  Final  con¬ 
clusions  on  the  merits  of  X-ray  hit  detection  require  more  information 
on  the  detailed  characteristics  of  the  weapon  beam  and  the  targets  than 
are  available  at  this  time.  The  ranges  of  beam/target  parameter  values 
over  which  hits  can  be  successfully  detected  are  presented  graphically. 
The  next  steps  of  evaluation  should  be  studies  of  the  implementation  of 
the  x-ray  hit  detector.  Large  effective  area  detectors  with  good  spec¬ 
tral  discrimination  are  needed.  A  promising  approach  Is  to  use  collect¬ 
ing  optics  based  on  mirrors  using  synthetic  multi-layer  structures.  He 
recommend  that  this  approach  be  examined.  The  tasks  needed  to  accom¬ 
plish  the  necessary  study  are  presented. 
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1.0  INTRODUCTION 


This  is  Che  final  report  on  a  program  Co  study  Che  detection  of  target 
hits  by  Directed  Energy  Weapons  (DEW).  These  weapons  promise  to  make 
valuable  contributions  to  our  military  capabilities,  but  the  process  of 
bringing  them  eventually  to  operational  status  requires  the  resolution 
of  a  number  of  problems.  Some  of  these  are  fundamental  problems  relat¬ 
ing  to  the  generation  and  propagation  of  the  beam  of  directed  energy. 
Some  relate  to  effective  operational  use  of  the  weapon  once  the  most 
basic  problems  have  been  solved.  One  issue  of  practical  concern  is  hit 
detection.  Hit  detection  is  important  because  it  minimizes  the  attack 
time  per  target  leading  to  increased  effectiveness  and  efficiency  of  the 
weapon. 

There  are  several  ways  to  approach  the  hit  detection  problem.  The  one 
addressed  in  this  program  is  to  seek  a  hit  event  signature  in  the  radia¬ 
tion  emitted  by  the  struck  target.  In  particular,  we  propose  to  detect 
the  emission  in  the  x-ray  portion  of  the  electromagnetic  spectrum.  The 
observation  of  x-ray  photons  shows  that  a  highly  energetic  event  is 
taking  place,  indicating  that  a  hit  has  been  made  and  that  there  has 
been  an  effective  interaction  between  the  weapon  beam  and  the  target. 

The  research  field  of  x-ray  astronomy  can  make  valuable  contributions  to 
the  solution  of  the  hit  detection  problem  for  directed  energy  weapons. 
There  are  many  similarities  between  the  detection  of  x-rays  from  a  struck 
target  and  from  a  natural  celestial  source.  A  fundamental  problem  in 
both  types  of  observation  relates  to  the  radiation  background  of  near- 
earth  space.  Instrumentation  and  data  processing  techniques  have  been 
developed  to  deal  with  this  problem  in  x-ray  astronomy  and  will  have 
direct  application  to  hit  detection  by  x-rays. 

X-ray  emission  can  be  used  for  hit  direction  outside  the  earth's  atmo¬ 
sphere  where  absorption  along  the  line  of  sight  is  sufficiently  low.  Por 
exoataospheric  DEW  applications,  two  types  of  weapon  are  being  considered 
-  neutral  particle  beams  and  high  power  lasers.  This  study  examines  the 
case  of  a  beam  of  energetic  light  atoms  impinging  on  the  target. 
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The  problea  of  detecting  x-ray  emission  from  the  target  Is  by  no  means  a 
simple  one.  The  characteristic  signature  must  be  recognized  against  a 
radiation  background  due  to  cosmic  rays,  trapped  particles,  diffuse  x- 
ray  emission,  celestial  x-ray  sources,  the  sun,  and  the  albedo  of  the 
earth's  atmosphere.  The  task,  though  difficult,  is  not  Impossible  be¬ 
cause,  for  the  particle  beam  weapon,  characteristic  x-ray  lines  of  the 
target  material  represent  an  Important  contribution  to  the  emission.  If 
the  target  is  substantially  metallic,  for  example  aluminum,  steel,  or 
nickel,  then  the  naturally  occurring  flux  Includes  only  an  extremely 
small  contribution  from  the  target  signature  lines.  Limiting  the  detec¬ 
tor's  sensitive  band  to  the  signature  lines  will  suppress  the  detected 
background  to  a  very  low  effective  level. 

This  study  was  performed  to  provide  basic  information  on  the  feasibility 
of  hit  detection  by  x-rays.  The  program  gathered  available  Information 
on  the  x-ray  emission  from  a  hit  target,  identified  the  characteristic 
line  signature  approach,  and  assessed  absorption  effects  due  to  the 
residual  atmosphere.  With  Information  on  operational  requirements  and 
constraints,  the  program  analyzed  the  feasibility  of  hit  detection  by  x- 
rays  and  defined  baseline  systems  performance  requirements.  It  was 
found  that  the  weapon  energy  on  target  which  will  generate  a  detectable 
x-ray  signature  is  substantially  less  than  the  weapon  energy  required 
for  lethality.  Consideration  was  given  to  methods  for  implementing  the 
necessary  Instrumentation.  An  approach  was  identified  that  promises  to 
provide  the  spectral  discrimination  and  large  collecting  area  needed 
with  a  good  signal -to-noise  ratio.  It  uses  collecting  optics  employing 
a  recently-developed  scheme  for  reflecting  x-rays  at  nearly  normal  Inci¬ 
dence.  We  describe  a  follow-on  program  to  evaluate  this  approach  and 
carry  the  development  of  it  forward  in  the  direction  needed  for  DEW 
applications. 

The  conclusion,  that  a  detectable  x-ray  signature  will  be  generated  by 
an  amount  of  beam  energy  which  Is  a  small  fraction  of  the  energy  re¬ 
quired  for  lethality,  is  an  important  one.  The  total  energy  for  launch¬ 
ing  beams  that  can  be  stored  onboard  the  weapon-bearing  spacecraft  Is 
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finite.  It  Is  essential  that  It  be  used  conservatively  and  effectively. 
If  no  hit  detector  Is  provided,  each  attack  on  a  target  would  require 
launching  a  lethal  dose  of  beam  energy,  and  waiting  for  evidence  that  a 
kill  has  been  accomplished. 

If  uncertainties  in  the  weapon  aiming  system  result  in  target  misses, 
one  lethal  dose  of  energy  would  be  lost  for  each  miss.  With  a  hit  de¬ 
tector  that  works  with  a  fraction  of  a  lethal  dose,  correct  aiming  can 
be  confirmed  with  a  relatively  small  expenditure  of  stored  energy.  The 
confirmation  of  correct  aiming  allows  the  release  of  the  full  attack 
dose  with  confidence  that  it  will  not  be  wasted.  If  there  is  no  confir¬ 
mation  of  a  hit,  the  beam  can  be  redirected  before  the  full  attack  is 
initiated.  While  an  attack  is  in  progress,  furthermore,  the  hit  detec¬ 
tor  can  continuously  verify  that  correct  aiming  is  being  maintained.  If 
relative  motion,  vibration,  or  electronic  drift,  for  example,  cause  the 
beam  to  wander  off  target,  then  the  hit  detector  will  indicate  this  con¬ 
dition  and  the  attack  can  be  suspended  until  the  target  is  reacquired. 
It  provides  continuous  verification  that  the  energy  released  from  stor¬ 
age  on  the  spacecraft  is  being  used  effectively,  and  not  wasted.  This 
capability  has  the  effect  of  relaxing  the  requirements  for  both  energy 
storage  and  aiming  accuracy,  two  challenging  technical  problems.  An 
effect  which  may  be  equally  valuable  is  the  saving  of  attack  time. 
Verification  that  a  hit  is  being  made  easures  that  time,  as  well  as 
energy,  is  not  consumed  in  launching  misdirected  beams.  This  is  an 
important  consideration  for  some  of  the  DEW  missions  being  considered, 
envisioning  multiple  targets  which  must  be  engaged  in  a  short  time. 

This  report  presents  the  technical  background  for  the  study  and  de¬ 
scribes  the  detailed  tasks  which  were  performed  throughout  the  contract 
period,  1  April  1981  through  31  March  1982. 
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2.0  TECHNICAL  BACKGROUND 


A  successful  target  hit  by  a  directed  weapon  may  inflict  crippling  dam¬ 
age  without  an  accompanying  explosion  or  other  dramatic  external  sign. 
For  this  reason  radar  or  visible  light  observations  of  the  object  under 
attack  do  not  suffice.  Additional  evidence  of  a  hit  can  be  obtained 
from  the  radiation  emitted  by  the  struck  target  in  response  to  the  inci¬ 
dent  weapon  energy.  Such  radiation  will  cover  a  broad  spectral  range 
from  x-ray  to  infrared,  and  beyond,  and  observations  in  more  than  one 
spectral  region  may  be  necessary.  The  detection  of  emission  in  the  x- 
ray  range  is  particularly  Important  because  it  provides  unique  evidence 
that  an  event  involving  substantial  energy  is  taking  place.  X-rays 
directly  indicate  an  effective  coupling  of  the  beam  energy  to  the 
target. 

The  problem  of  detecting  x-rays  from  a  struck  target  is  a  difficult  one. 
The  target  will  not  be  a  highly  luminous  x-ray  source.  It  may  be  at  a 
substantial  distance  (as  much  as  1000  km)  from  the  detector  system. 
Further,  in  near-earth  orbit  the  naturally  occurring  radiation  back¬ 
ground  is  a  potential  obstacle  to  reliable  detection  of  small  x-ray 
fluxes.  This  obstacle  can  be  overcome,  as  discussed  in  the  following 
sections,  by  spectral  discrimination  techniques. 

The  problem  of  detecting  an  x-ray  hit  signature  against  the  radiation 
environment  of  space  is  basically  the  same  as  the  problem  x-ray  astro¬ 
nomers  have  worked  with  for  nearly  two  decades.  Both  celestial  x-ray 
sources,  and  targets  struck  by  directed  energy  weapons,  send  weak  fluxes 
of  energetic  photons  to  detectors  in  near-earth  orbits.  For  the  two 
cases  there  are  many  differences  in  the  emitting  regions  -  emission 
mechanisms,  luminosity,  distance  from  earth  -  but  at  the  detector  the 
two  problems  are  closely  related.  The  results  of  the  astronomical  ex¬ 
periments  provide  information  on  the  radiation  background  against  which 
the  hit  detector  must  work.  The  instrumentation  that  has  been  developed 
for  x-ray  astronomy  includes  detectors  and  methods  for  discriminating 
between  the  sought-for  signal  and  the  background.  A  brief  review  of  the 


radiation  background  and  detection  instrumentation  Is  presented  in 
Appendix  A.  Much  of  that  material  was  included  in  the  proposal  for  this 
program  (ASE-4538).  It  is  repeated  here  for  completeness. 
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3.0  PROGRAM  STATEMENT  OF  WORK 


The  statement  of  work  for  the  completed  program  is  as  follows: 


Task  1 


Task  2 

Task  3 

Task  A 

Task  5 


AS&E  will  perform  measurements  of  the  x-ray  spectrum  of  emis¬ 
sion  from  selected  targets  Irradiated  with  beams  of  energetic 
charged  particles.  The  measurements  will  be  made  at  the 
University  of  Indiana  cyclotron  in  cooperation  with  SAI.  They 
will  Include  a  minimum  of  three  sets  of  beam  parameters  (par¬ 
ticle  type  and  energy)  and  three  targets.  The  beam  parameters 
and  targets  will  be  chosen  in  consultation  with  Air  Force  and 
SAI  technical  personnel. 

AS&E  will  collect  and  review  information  on  operational 
requirements  and  constraints. 

From  the  Information  gathered  in  tasks  1  and  2.  AS&E  will  de¬ 
termine  the  optimum  energy  range  for  hit  detection  by  x-rays, 
taking  into  account  the  target  emission  characteristics, 
operational  constraints,  naturally  occurring  radiation  back¬ 
ground,  and  x-ray  detector  system  characteristics. 

AS&E  will  analyze  the  feasibility  of  hit  detection  by  x-rays 
in  the  optimum  energy  range  and  define  baseline  systems  per¬ 
formance. 

AS&E  will  prepare  a  final  report  containing  the  complete  re¬ 
sults  of  the  study  and  recommendations  for  further  develop¬ 
ment. 


These  tasks  have  all  been  completed  successfully.  Task  1  was  modified 
in  consultation  with,  and  at  the  direction  of,  the  Air  Force  Program 
Manager.  The  modification  was  necessary  because  the  cyclotron  at  the 
University  of  Indiana  was  not  available  and  the  measurement  program 
involving  SAI,  which  had  been  proposed  and  anticipated,  did  not  take 
place.  The  work-around  procedure  used  involved  a  literature  search  for 
available  data  and  theoretical  calculations.  These  data  were  used  in 
lieu  of  those  that  were  to  have  been  acquired  by  the  measurements  at  the 
University  of  Indiana. 
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4.0  TECHNICAL  DISCUSSION 

4.1  X-ray  Emission  from  Target  Materials 

When  a  beam  of  "heavy"  (compared  to  electrons)  energetic  charged  par¬ 
ticles  passes  into  and  through  matter,  the  primary  energy  loss  mech¬ 
anisms  are  ionization  and  excitation  of  the  target  material.  Many  of 
the  collisions  between  the  projectile  particles  and  target  atoms  result 
in  inner  shell  vacancies.  Subsequent  decay  transitions  fill  the  vacan¬ 
cies  with  the  accompanying  emission  of  characteristic  x-rays,  the  K,  L, 
M  etc.  lines  of  the  target  material,  or  an  Auger  electron.  Of  these, 
the  K-line  emission  is  the  strongest.  This  fact  has  been  used  exten¬ 
sively  at  AS&E  and  elsewhere,  to  obtain  "clean”  x-ray  characteristic 
spectra  for  instrument  calibration  measurements. 

X-ray  production  is  the  same  for  comparable  beams  of  charged  and  neutral 

particles.  For  light  "heavy"  particles  (H,  H^,  H^,  He,  He^  .  Li**) 

incident  on  high-Z  targets  the  projectile  K-shell  radius  is  large  com¬ 
pared  to  the  Interaction  region  for  K-shell  excitation  of  the  target 
atom.  The  moving  atom  acts  as  a  bare  point  charge  in  the  collision  pro¬ 
cess  and  the  excitation  is  not  influenced  by  projectile  bound  electrons. 
The  excitation  is  produced  by  Coulomb  forces. 

For  slow  projectiles,  with  an  atomic  number  which  is  not  small  compared 
to  that  of  the  target  atoms,  the  projectile  electron  clouds  participate 
in  the  interaction.  The  beam  acts  as  a  beam  of  neutral  atoms.  Exchange 
forces  (arising  because  of  Pauli  exclusion  principle  effects  in  the 
overlapping  electron  distributions)  produce  ionization.  At  higher  pro¬ 
jectile  velocities  (greater  than  the  velocities  of  the  K-shell  elec¬ 
trons)  the  response  time  of  the  bound  electrons  is  long  compared  to  the 
collision  time.  The  Pauli  principle  effects  do  not  play  an  important 
role,  and  Coulomb  excitation  is  the  dominant  mechanism  again  for  hlgh-z 
projectiles  as  well  as  for  low-z. 
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The  cross-section  for  K-shell  vacancy  production  is  a  function  of  the 
projectile  energy.  There  Is  a  maximum  In  the  cross-section  when  the 
time  for  the  projectile  to  traverse  the  target  K-shell  Is  on  the  order 
of  the  time  for  the  target  K-shell  electron  to  complete  one  orbit. 

The  cross-section  for  the  production  of  characteristic  x-rays  Is  related 
to  the  cross-section  for  Inner  shell  Ionization  by  the  fluorescent 
yield,  w,  according  to 


°X  *  “°K 

where  and  are  the  x-ray  and  K-shell  vacancy  production  cross  sec¬ 
tions,  respectively.  The  fluorescent  yield  Is  a  function  of  the  atomic 
number  of  the  target,  rising  substantially  with  Z  (Evans,  1955). 

Observations  of  characteristic  x-rays  date  back  to  Chadwick's  first  ob¬ 
servations  in  1912  (Chadwick,  1912)  of  their  emission  from  thick  targets 
struck  by  energetic  alpha  particles.  The  first  observations  of  charac¬ 
teristic  x-ray  production  by  proton  bombardment  were  made  in  1933 
(Grethsen  and  Reusse,  1933).  A  recent  review  article  has  surveyed  the 
field  (Gray,  1980). 


The  basic  equation  is  the  Merzbacher-Lewls  relation: 
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where  S(E)  is  the  stopping  power  of  the  target  material,  Y(E)  is  the 
average  number  of  target  characteristic  x-rays  per  incident  particle, 
is  the  absorption  coefficient  of  the  target  for  its  own  x-rays,  9  is  the 
angle  between  the  Incident  beam  propagation  direction  and  the  normal  to 
the  target,  $  is  the  angle  between  the  normal  to  the  target  and  the  line 
of  sight  of  the  detector,  n  is  the  target  number  density,  Y  and  ft  are 
the  detector  efficiency  and  solid  angle,  cr^(E)  is  the  cross-section  for 
x-ray  production,  and  E^  is  the  energy  of  the  projectile  particles. 
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The  equation  le  written  for  the  thick  target  case  (i.e,  the  target  is 
thicker  than  the  characteristic  x-ray  optical  depth).  For  a  thin  tar¬ 
get  U  is  replaced  by  1/t  where  t  is  the  thickness.  For  the  case  in 
which  the  range  of  the  beam  particles  is  much  greater  than  the  charac¬ 
teristic  x-ray  optical  depth  the  first  term  on  the  left  hand  side  can  be 
neglected.  For  the  hit  detection  application,  the  detected  x-rays  are 
emitted  back  along  the  beam  path,  assuming  the  detector  is  mounted  near 
the  weapon,  so  0  -  4>  and  the  angle  dependence  drops  cut.  Incorporating 
all  these  simplifications  leads  to 
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To  proceed  with  the  calculations  we  need  to  know  (or  and  the 
fluorescent  yield).  The  original  plan  for  this  program  called  for  per¬ 
forming  measurements  to  obtain  these  data.  As  discussed  in  Section  3.0 
it  was  necessary  to  modify  this  plan  and  use  data  from  the  literature 
Instead.  &  literature  search  was  performed  with  the  result  given  in 
Appendix  B  of  this  report.  The  appendix  is  a  partial  bibliography  with 
brief  annotations  indicating  the  contents  of  the  listed  articles.  It 
can  be  seen  that  there  has  been  considerable  work  in  this  area.  Much  of 
the  data  has  been  taken  at  beam  energies  below  that  envisioned  for  di¬ 
rected  energy  weapons.  This  is,  in  part,  because  the  cross-section 
maximma  come  at  lower  energies  (at  a  few  MeV,  compared  to  a  few  hundred 
MeV  for  DEW  applications).  There  are  data,  nonetheless,  up  to  energies 
of  4.88  GeV.  Measurements  have  been  made  with  a  variety  of  projectiles 
and  targets. 


Typical  data  are  shown  in  Figure  4-1.  The  illustration  shows  the  x-ray 
production  cross-section  for  protons  incident  on  aluminum.  This  is,  of 
course,  the  same  as  the  cross-section  for  neutral  hydrogen  incident  on 
aluminum  because  a  heavy  particle  passing  through  matter  exchanges 
charge  with  the  surrounding  material,  blurring  the  difference  between  a 
neutral  hydrogen  atom  and  a  proton.  Moreover,  as  cited  earlier,  for 
light  projectiles  Incident  on  a  hlgh-Z  target  the  x-ray  production  does 
not  Involve  electrons  orbiting  the  incident  nuclei.  Representative 
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error  brackets  are  shown.  They  are  +_  25%  for  the  Baabas  et  al.  (1973) 
data,  +  10%  for  the  Baabas  et  al.  (1978)  data,  and  +_  12%  for  the  Sera  e£ 
al.  (1980)  data.  The  three  sets  of  measurements  agree,  within  the  ex¬ 
perimental  uncertainties.  Tor  this  projectile  and  target,  the  maxima 
cross-section  occurs  at  3-4  MeV  and  is  *  »rge ,  approximately  1000 
barns.  At  the  larger  energies  appropriate  for  directed  energy  weapons, 
the  cross-section  is  less,  but  the  drop-off  Is  not  precipitous.  Values 
of  more  than  100  barns  can  be  expected  in  the  weapons-energy  region. 

Further  cross-section  data  for  several  projectiles  are  shown  In  Figure 
4-2.  Mote  that  the  units  of  the  horizontal  axis  are  MeV/AMU  so  the  most 
energetic  particles  Included  in  the  data  are  at  92  MeV.  The  cross  sec¬ 
tion  Increases  approximately  as  the  square  of  the  projectile  atomic  num¬ 
ber,  resulting  in  almost  an  order  of  magnitude  greater  x-ray  yield  for  a 
lithium  beam  weapon  than  for  a  hydrogen  beam  weapon.  The  energy/unit 
projectile  mass,  at  which  the  cross-section  is  maximum,  increases  ap¬ 
proximately  with  the  square  of  the  atomic  number  of  the  target.  For 
nickel,  the  maximum  is  at  approximately  14  MeV/AMU  or  84  MeV  energy  for 
a  lithium  beam.  The  value  of  the  cross-section  for  x-ray  production  at 
maximum  is  less  for  the  nickel  target  than  for  an  aluminum  one.  This  is 
the  result  of  a  decrease  in  the  K-shell  vacancy  production  cross-sec¬ 
tion.  The  Increase  in  the  fluorescent  yield  does  not  fully  compensate. 

Baabas  et  al.  (1973,  1978)  have  developed  a  method  for  combining  data 
from  many  experiments  in  a  universal  curve  showing  the  cross-section  as 
a  function  of  energy.  Their  formulation  is  a  useful  one.  It  involves 
plotting  the  experimental  results  in  terms  of  dimensionless  parameters. 
They  further  developed  a  theory  which  is  in  good  agrement  with  the 
experimental  universal  curves  and  which  can  be  used  to  calculate  the 
cross-section  for  cases  in  which  experimental  data  are  not  available. 

4.2  X-ray  Propagation  in  the  Residual  Atmosphere 

As  noted  in  Section  4.1  the  x-rays  emitted  as  characteristic  lines  have 
rather  low  energy  and  are  attenuated  by  modest  amounts  of  material.  At 
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altitudes  (e.g,,  1000  km)  the  residual  atmosphere  is  sufficiently  ten¬ 
uous  that  attenuation  is  not  of  practical  importance,  but  the  absorption 
of  the  x-rays  emitted  by  targets  at  lower  altitudes  cannot  be  neg¬ 
lected.  Atmospheric  absorption  of  the  radiation  imposes  a  limit  on  the 
lowest  altitude  at  which  a  struck  target  can  be  seen. 

figure  4-3  shows  the  e-foldlng  length  at  several  x-ray  wavelengths  as  a 
function  of  altitude.  The  wavelengths  are  those  of  the  characteristic 
lines  of  candidate  target  materials.  The  calculation  was  made  using 
data  from  the  U.S.  Standard  Atmosphere  Supplements,  1966  and  x-ray  data 
from  the  McMaster  (1969)  and  Henke  and  Ebisu  (1973).  The  attenuation 
can  be  considered  negligible  when  the  e-foldlng  length  for  absorption  la 
greater  than,  say,  1000  km.  The  altitude  at  which  this  condition  exists 
depends  on  the  x-ray  wavelength.  For  2. 65  and  1.93  A  wavelength  x-rays 
(Ni  and  Fe  targets)  the  e-folding  length  is  greater  than  1000  km  down  to 
almost  100  km  altitude.  For  the  most  heavily  absorbed  wavelength  in¬ 
cluded  in  the  calculation,  oxygen-K  at  23.6  A,  the  e-foldlng  length  is 
less  than  1000  km  for  altitudes  below  190  km. 

The  attenuation  mechanism  is  photoelectric  at  these  eaergies.  At  120  km 
altitudes  the  dominant  absorber  is  molecular  nitrogen.  It  is  roughly 
twice  as  effective  in  removing  photons  from  an  x-ray  beam  as  molecular 
and  atomic  oxygen.  At  200  km  the  attenuation  by  nitrogen  and  oxygen  are 
approximately  equally  Important.  At  500  km,  atomic  oxygen  dominates. 
It  absorbs  ten  times  the  amount  absorbed  by  nitrogen.  At  750  km  the 
most  Important  absorber  is  still  atomic  oxygen,  with  helium  in  second 
place.  At  1000  km,  the  helium  absorption  is  about  25%  of  the  value  for 
oxygen.  At  low  altitude  (120  km)  there  are  seasonal  variations  in  the 
abundances  of  the  atmospheric  components.  The  tinner  e-foldlng  length 
may  be  as  little  as  half  the  winter  value.  At  high  altitudes,  seasonal 
variations  are  not  Important,  but  the  e-folding  length  changes  with 
changes  in  the  exospheric  temperature.  The  exospheric  temperature,  in 
turn,  has  annual  and  diurnal  variations  and  is  further  affected  by  solar 
activity  and  geomagnetic  activity.  The  x-ray  e-foldlng  length  can 
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E-FOLDING  LENGTH  FOR  X-RAY  ABSORPTION  (Km) 


Figure  4-3.  The  e-foldlng  length  for  x-rey  ebeorptlon  by 
residual  Atmosphere  as  a  function  of  altltud 
various  x-ray  wavelengths. 
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change  by  orders  of  magnitude  in  response  to  these  changes,  but  the 
effect  Is  of  no  practical  importance  because  the  minimum  values  are 
always  much  greater  than  1000  km. 

The  conclusion  to  be  drawn  from  this  discussion,  and  Figure  4-3  is  that 
atmospheric  attenuation  is  of  negligible  importance  if  the  struck  target 
is  at  an  altitude  of  approximately  200  km  or  more.  For  targets  emitting 
long-wavelength  x-rays  absorption  effects  must  be  considered  below  that 
altitude. 

4.3  Operational  Constraints 

The  operational  constraints  for  directed  energy  weapons  applications  are 
not  well-defined  because  the  work  is  still  in  an  early  phase  and  many 
questions  are  awaiting  answers.  Among  the  open  questions  is  the  one  of 
what  missions  will  be  assigned  to  the  weapon  system.  Two  candidate 
exoatmospherlc  missions  have  been  discussed  in  the  open  literature. 
They  are  an  antisatellite  mission  and  one  in  which  the  target  is  a 
launch  vehicle  in  the  boost  phase.  The  two  missions  have  different 
scenarios  and  the  directed  energy  weapon  has  two  different  roles  to 
play.  Considerations  such  as  these  and  also  considerations  of  technical 
feasibility  dictate  that  the  weapon  parameters  be  treated  as  variables 
in  the  present  study. 

The  performance  calculations  presented  in  this  report  treat  ranges  of 
weapon  and  target  characteristics  rather  than  assuming  specific  values. 
The  question  of  what  ranges  to  use  was  addressed  in  a  discussion  with 
the  Air  Force  Program  Manager.  The  result  of  the  discussion  is  pre¬ 
sented  in  Table  4-1.  It  is  clear  that  there  is  a  broad  range  of  con¬ 
ditions  under  consideration.  The  product  of  the  beam  current  times  the 
pulse  length  divided  by  the  square  of  the  distance  to  the  target  is  a 
quantity  that  is  closely  related  to  the  detected  fluxes.  It  may  be  as 
small  as  10~^  amp-aec/km"  and  as  large  as  10*"®  amp-sec/km2. 
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TABLE  4-1 

PARAMETER  VALUE  RANGES 


Projectile  energy 
Beam  equivalent  current 
Distance  to  target 
Beam  pulse  length 
Target  material 


>  100  MeV 

0.1  to  100  amps 

10  to  1000  km 

1  nsec  to  1  sec 

Al,  Fe,  Ml,  U,  Luclte 


It  Is  to  be  expected  that  the  strength  of  the  return  signal  may  be  large 
or  small,  depending  on  the  assumed  parameters  of  the  weapon/target 
system. 


One  parameter  of  some  significance  Is  not  specified  In  the  table.  It  is 
the  target  altitude.  As  discussed  In  Section  4.2  attenuation  by  the 
residual  atmosphere  is  of  no  importance  at  satellite  altitudes,  but 
these  effects  may  not  be  negligible  for  the  boost  phase  launch  vehicle 
mission.  Information  on  foreign  launch  vehicle  altitude  during  the 
boost  phase  Is  not  readily  available  In  the  open  literature.  It  has 
been  stated,  though,  that  the  duration  of  the  launch  phase  Is  about  8 
min.  This  time  Is  comparable  with  the  boost  phase  period  of  NASA's 
shuttle.  In  the  Columbia  2  Shuttle  mission  the  boost  time  was  8  min  42 
sec.  At  the  end  of  this  period  of  powered  flight  the  altitude  of 
Columbia  was  approximately  60  nautical  miles  or  111  km.  The  implica¬ 
tion,  assuming  that  U.S.  and  foreign  boosters  reach  similar  altitudes  in 
comparable  times,  Is  that  x-ray  detection  of  hits  on  a  launch  vehicle 
target  would  require  the  use  of  x-rays  with  wavelength  less  than  5  A. 
This  Is  not  a  serious  restriction  because  the  characteristic  K  lines  of 
all  elements  with  atomic  number  greater  than  or  equal  to  sixteen  have 
wavelengths  shorter  than  5' A.  Of  the  target  materials  listed  in  Table 
4-1  only  aluminum  and  luclte  cannot  be  observed  at  low  altitudes. 

The  lethality  requirement,  l.e.,  the  amount  of  energy  that  must  be  de¬ 
livered  to  the  target  for  a  successful  hit,  is  an  important  operational 
consideration.  The  specification  Is  not  well-defined  because  of  uncer- 
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talnties  about  the  final  weapon  design  and  the  target.  The  question  is 
relevent  to  this  study  because  the  amount  of  energy  delivered  to  the 
target  is  an  important  parameter  in  calculations  of  the  x-ray  yield. 
Little  information  on  the  topic  is  available  in  the  open  literature. 
One  rough  estimate  (Bekefl  et  al.,  1980)  is  that  100  MJ  is  required  for 
lethality.  The  fact  that  this  estimate  was  made  by  a  critic  of  DEW 
suggests  that  the  actual  requirement  may  be  less.  Even  if  the  require¬ 
ment  is  substantially  less,  it  appears  that  multiple  pulses  of  the  wea¬ 
pon  described  in  Table  4-1  will  be  needed.  To  deliver  1MJ  with  a  1  amp 

* 

beam  of  500  MeV  projectiles  and  a  1  usee  pulse  length  requires  2  x  10 
pulses,  for  example.  Such  a  large  number  of  pulses  is  not  necessarily 
impractical  because  such  a  burst  would  be  launched  in  4  msec  with  a  50JC 
duty  cycle.  The  implication  for  hit  detection  is  that  there  is  no  need 
to  detect  the  Interaction  of  a  single  pulse  with  the  target.  The  hit 
detector  can  integrate  over  a  number  of  pulses,  so  long  as  that  number 
is  much  less  than  that  necessary  for  lethality. 

4.4  Results  of  Calculations 

The  information  presented  in  the  previous  sections  was  used  to  calculate 
the  performance  of  an  x-ray  hit-detector  system.  A  typical  result  is 
shown  in  Figure  4-4  in  which  It  (the  product  of  the  weapon-beam  equiva¬ 
lent  current  and  the  beam  pulse  duration)  is  plotted  against  yQ  (the 
product  of  the  detector  efficiency  and  detector  solid  angle)  for  the 
case  that  10  x-ray  photons  are  detected  in  a  single  beam  pulse.  The 
number  of  photons  per  pulse  was  selected  somewhat  arbitrarily,  but  it 
sufficient  to  obtain  good  statistics  in  a  small  number  of  pulses.  The 
projectile  particles  are  hydrogen  atoms  and  several  targets  were  in¬ 
cluded  (Al,  Fe,  Nl,  U).  For  each  target  three  values  for  the  cross- 
section  for  x-ray  production  were  assumed,  corresponding  to  different 
beam  energies  (10,  100  and  1000  barns).  The  graph  can  be  read  in  either 
of  two  ways:  one  can  assume  values  for  the  beam  current  and  pulse  dura¬ 
tion  and  then  read  off  the  efficiency-solid  angle  product  needed  for  a 
10  photons/pulse  signal.  Alternatively  one  can  assume  values  for  the 
detector  efficiency  and  solid  angle  and  then  read  off  the  current  times 
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(KILOMETERS  TO  TARGET  FOR  10 m*  DETECTOR  WITH  X-1) 
(3,160)  (1000)  (316)  (100)  (31.6)  (10) 


Figure  4-4.  Beam/detector  parameter  limits  for  a  10  photon 
per  pulse  signature.  Hydrogen  atom  projectiles. 
Various  targets  and  projectile  energies. 
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duration  product  required  for  &  10  photons/pulse  signal.  The  curve 
shows  that,  for  a  100  b  cross-section,  10  x-ray  photon/pulse  are  de¬ 
tected  when  a  1  amp  beam  of  1  ysec  pulses  strikes  an  iron  or  nickel  tar¬ 
get  at  a  distance  of  100  to  3000  km,  depending  on  the  detector  area. 
Ten  pulses  or  less  would  provide  hit  detection  with  good  statistics.  If 
thousands  of  pulses  of  this  beam  are  needed  for  lethality,  as  estimated 
in  Section  4.3,  the  detection  time  is  extremely  satisfactory.  The  sce¬ 
nario  might  be  as  follows:  after  target  acquisition  the  weapon  is  aimed 
and  a  burst  of  pulses  initiated.  If  a  hit  is  confirmed  during  the  first 
ten  pulses,  the  burst  is  continued  to  lethality.  During  this  time  the 
hit  detector  continuously  monitors  the  x-ray  flux  to  verify  that  the 
beam  continues  to  strike  the  target.  If  the  first  ten  pulses  show  that 
no  hit  has  been  made,  the  burst  from  the  weapon  is  terminated  and  the 
aiming  corrected.  Less  than  1%  of  the  lethal  energy  is  expended  to 
verify  the  hit.  The  time  needed,  assuming  1  ysec  pulses  and  50Z  duty 
cycle,  is  approximately  20  ysec. 

Tor  more  distant  targets,  of  course,  the  x-ray  signal  is  less,  and  for 
nearer  targets,  It  is  greater.  Figure  4-5  shows  the  conditions  that 
produce  between  10_1  and  103  detected  x-ray  photons  per  pulse.  The 
figure  8 hows ,  for  example  that  If  the  target  Is  1000  km  away  and  the 
weapon  is  the  same  1  amp,  1  ysec  device  considered  above,  then  2.5 
photons  per  pulse  are  detected  with  a  10  mc  detector.  To  collect  100 
photons  requires  40  pulses,  still  small  compared  to  the  lethality  esti¬ 
mate.  The  cross-section  assumed  for  the  figure  is  283  b  which  is  the 
value  for  iron  bombarded  by  100  MeV  hydrogen  atoms. 

In  the  discussion  so  far  it  has  been  assumed  that  the  weapon  beam  con¬ 
sists  of  hyrdogen  atoms.  As  noted  in  Section  4.1,  the  cross-section  for 
x-ray  production  increases  approximately  as  the  square  of  the  projectile 
atomic  number.  The  highest  Z  projectile  under  consideration  for  DEW  is 
lithium  with  a  nuclear  charge  of  three.  If  lithium  were  used  as  the 
weapon  beam,  the  x-ray  yield  would  be  greater  than  that  Indicated  in 
Figures  4-4  and  4-5  by  nearly  an  order  of  magnitude.  The  calculation  is 
shown  in  Figure  4-6.  For  lithium  projectiles,  the  one  amp,  one  micro- 
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Figure  4-5.  Bean/detector  parameter  limits  for  various  signa¬ 
ture  magnitudes.  The  projectiles  are  100  MeV 
hydrogen  atoms.  The  target  is  iron. 
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Figure  4-6.  Beam/detector  parameter  limits  for  various  signa¬ 
ture  magnitudes.  The  projectiles  are  100  MeV/ 
nucleon  lithium  atoms.  The  target  is  iron. 
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second  weapon  beam  striking  a  target  1000  km  away  produces  2.3  -  22  pho¬ 
tons  per  pulse,  depending  on  detector  size.  The  selection  of  lithium 
for  the  projectile  facilitates  x-ray  hit  detection  considerably. 

Lucite  Is  a  candidate  target  material.  It  Is  an  acrylic  resin  prepared 
by  polymerizing  methylmethacrylate  which  consists  of  carbon,  hydrogen 
and  oxygen.  The  fractions  by  weight  are  602  carbon,  82  hydrogen,  and 
322  oxygen.  The  K-lines  of  carbon  and  oxygen  are  at  44.54  and  23.57  A, 
respectively.  This  means  that  the  detection  of  hits  on  launch  vehicles 
in  the  boost  phase  should  not  depend  on  x-rays  from  lucite  in  the  target 
because  of  atmospheric  absorption.  For  antisatellite  missions  above 
200  km  the  carbon  and  oxygen  K  radiation  will  propagate  essentially  un¬ 
hindered.  Background  suppression  by  spectral  discrimination  is  not 
without  problems,  however,  at  least  for  the  oxygen  line,  which  is  emit¬ 
ted  by  the  earth's  atmosphere,  in  response  to  auroral  precipitations, 
for  example.  These  practical  considerations  argue  against  basing  an  x- 
ray  hit  detector  scheme  on  the  emission  from  components  of  the  target 
made  of  lucite. 

4.5  Discussion 

The  results  of  the  X-ray  hit  detector  performance  calculations,  pre¬ 
sented  in  Section  4.4,  show  that,  at  least  for  some  conditions  of 
potential  practical  interest,  the  beam  energy  required  to  generate  a 
detectable  x-ray  signature  is  substantially  less  than  the  beam  energy 
estimated  to  be  required  for  lethality.  This  is  good  reason  for  opti¬ 
mism  about  the  feasibility  of  x-ray  hit  detection.  There  are  residual 
uncertainties,  of  course,  because  the  design  and  mission  of  the  directed 
energy  weapon  are  not  yet  well-defined.  These  uncertainties  can  only  be 
settled  as  more  detailed  information  is  developed. 

An  important  question  which  can  and  should  be  addressed  at  this  time  is 
the  one  of  hit  detector  implementation.  The  performance  calculations 
assumed  detectors  of  1  to  10  m2  with  an  efficiency  of  1002.  There  are 
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two  approaches  to  implementing  such  a  scheme  -  large  area  detectors  or 
focussing  optics  with  large  effective  area  and  a  smaller  detector. 


Large  area  proportional  counters  and  scintillators  have  been  flown  in  x- 
ray  astronomy  payloads  (e.g. ,  HEAO-A:  1.54  m2  total  area  Xe/C02  propor¬ 
tional  counters,  0.15-20  keV,  in  the  A-l  experiment  and  510  cm2  total 
area  Nal(Tl)  scintillators,  10  -  10,000  keV,  in  the  A-4  experiment). 
Harshaw  Chemical  Company  routinely  produces  massive  crystals  with  up  to 
0.46  m  area  with  uniform  scintillation  characteristics  throughout  their 

O 

entire  volume.  It  can  be  concluded  that  a  detector  of  1  to  10  nr  area 
is  not  unfeasible,  and  would  be  accomplished  using  an  array  made  up  of  a 
reasonable  number  of  Instruments. 

Focussing  optics  allow  the  use  of  a  smaller  detector,  enhancing  the 
signal-to-noise  ratio.  X-ray  astronomy  payloads  have  used  grazing- 
incidence  optics  (e.g.,  the  Einstein  Observatory,  400  cm2  total  area, 
0.1-6  keV).  The  use  of  1  to  10  m2  collecting  area  grazing  incidence 
optics  is  probably  not  suitable  for  the  hit  detection  application  for  at 
least  three  reasons.  The  first  is  that  such  large  optics  are  extr  mely 
expensive.  The  second  is  that  to  reflect  x-rays  such  as  the  iron  and 
nickel  K-llnes,  very  small  grazing  angles  are  required,  dictating  a  very 
large  reflecting  area  to  achieve  the  necessary  collecting  area,  and  a 
very  large  focal  length.  The  third  reason  is  that  grazing-incidence 
optics  are  broad-band  instruments.  For  hit  detection  a  narrow  spectral 
response  detector  is  wanted,  with  the  pass  band  centered  on  the  R-line 
of  the  target  material. 

Recent  developments  in  x-ray  optics  are  leading  to  imaging  systems  which 
make  a  good  match  to  the  hit  detector  requirements.  The  new  optics 
operate  not  at  grazing  incidence  but  more  nearly  at  normal  incidence, 
and  they  have  good  spectral  selectivity.  These  reflectors  are  the 
synthetic  multilayer  structures.  They  consist  of  alternate  layers  of 
high-Z  and  low-Z  material.  The  layer  thickness  is  on  the  order  of  a  few 
Angstroms  and  as  many  as  200  of  them  are  used  in  a  reflector.  They  are 
laid  down  by  either  sputtering  or  evaporation.  The  synthetic  multilayer 
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structure  can  be  supported  on  a  variety  of  substrates.  Including  ones 
thin  enough  to  be  bent  by  applied  mechanical  forces,  the  bent  surface 
can  be  made  to  approximate  an  ideal  optical  figure  such  as  a  parabola. 
Bent  glass  x-ray  optics  have  been  used  successfully  at  AS&E  for  astro¬ 
nomical  rocket  payloads  and,  more  recently,  for  an  Improved  illumination 
system  for  x-ray  lithography  for  the  VHSIC  Program.  Thus  the  pieces  of 
technology  needed  to  make  a  suitable  collector  for  x-rays  from  a  struck 
DEV  target  exist.  It  remains  to  put  them  together  properly. 

The  monochromatic  reflectivity  is  an  Important  benefit  for  the  present 
application.  It  allows  us  to  restrict  the  x-rays  reaching  the  detector 
to  a  narrow  range  of  wavelengths,  virtually  eliminating  the  background 
problem  discussed  in  Section  2.  The  only  remaining  background  contri¬ 
bution  is  penetrating  radiation.  The  uae  of  optics  of  provide  the  col¬ 
lecting  area  needed  means  that  the  detector  volume  can  be  made  small, 
reducing  the  effects  of  penetrating  radiation  to  a  level  well  below  the 
x-ray  signature,  at  least  outside  of  trapped  particle  zones  such  as  the 
South  Atlantic  Anomaly. 

Because  the  synthetic  multilayer  structures  are  used  at  near-normal 
incidence  the  ratio  of  collecting  area  to  mirror  area  is  nearly  as  high 
as  theoretically  possible.  This  condition  has  favorable  effects  on  the 
cost  and  the  weight  of  the  collector. 
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5.0  CONCLUSIONS  AND  RECOMMENDATIONS 


The  main  conclusion  from  this  study  is  that  a  detectable  x-ray  signature 
is  generated  when  a  weapon  beaa  strikes  a  target  and  the  beam  energy  re¬ 
quired  to  produce  the  signature  is  much  less  than  that  required  for  a 
successful  hit.  The  signature  consists  of  characteristic  x-rays  froa 
the  target  aaterlal.  The  use  of  this  signature  obviates  probleas  of 
background  because  spectral  discrimination  can  be  used  to  Isolate  the 
narrow  band  return  and  eliminate  background  contributions  at  other  wave- 
lenths.  The  Halt  on  signal  detectability  is  photon  statistics. 

There  are  residual  questions  about  the  details  of  the  detection  scheme. 
Some  of  thea  relate  to  the  exact  characteristics  of  the  eventual  di¬ 
rected  energy  weapon  and  its  mission.  The  beam  current  and  pulse  dura¬ 
tion  determine  the  nuaber  of  weapon  pulses  over  which  the  x-ray  return 
must  be  Integrated  for  hit  detection  with  good  statistics.  The  atomic 
weight  of  the  projectile  particles  la  important,  with  almost  an  order  of 
magnitude  greater  return  from  a  lithium  beam  weapon  than  from  a  hydrogen 
beam  weapon.  Such  question  can  be  answered  only  as  more  Information  on 
the  final  form  of  the  weapon  and  the  scenarios  for  its  use  become  better 
defined. 

There  are  also  residual  questions  relating  to  the  implementation  of  the 
x-ray  hit  detector.  In  the  energy  range  of  Interest  either  scintilla¬ 
tion  counters  or  proportional  counters  can  be  used.  Both  offer  limited 
spectral  resolution,  and  hence  spectral  discrimination  against  back¬ 
ground.  The  coupling  of  a  detector  to  collecting  optics,  In  particular 
to  collecting  optics  with  spectral  selectivity,  promises  an  Improved 
signal-to-nolse  ratio.  This  approach  can  be  Implemented  by  making  use 
of  optics  with  synthetic  multilayer  structure  reflectors,  bent  to  shape 
by  applied  forces.  The  technology  for  this  spproach  is  in  an  advanced 
state  of  development,  but  further  work  Is  required.  This  work  includes 
tasks  such  as  an  examination  of  techniques  for  preparing  large  area 
reflectors  with  consideration  given  to  the  bending  of  large  area,  ini¬ 
tially  flat,  reflectors  and/or  mosaic  arrays  of  smaller  reflectors.  It 
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also  requires  analysis  Co  determine  Che  optimum  layer  arrangeiaenc  for 
Che  x-ray  wavelengths  Involved  in  x-ray  hit  detection.  An  examination 
of  fabrication  techniques,  and  the  adaptation  of  existing  methods  to 
large  area  reflectors  Is  needed.  Test  pelces  should  be  prepared  and 
tested  In  an  x-ray  calibration  facility.  The  value  of  performing  these 
tasks  is  not  dependent  on  the  details  of  the  weapon  design  and  should  be 
carried  out  In  parallel  with  that  effort.  The  end  product  would  be 
Instrumentation  which  could  be  used  to  support  ground  tests  of  weapon 
beaa/target  interactions,  for  example  In  connection  with  the  Whitehorse 
Program.  We  recommend  that  consideration  be  given  to  the  funding  of  a 
modest  effort  along  these  lines. 
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Radiation  Background  and  Detection  Instrumentation 
A.l  Radiation  Background* 

The  problea  of  detecting  x-rays  froa  a  directed  energy  weapon  target  or 
a  celeatlal  aource  la  aade  difficult  by  the  coaplex  radiation  e'  vlro  - 
aent  existing  In  apace.  The  detector  la  exposed  to  spurious  photons 
with  energies  coaparable  to  the  sought-for  signal  and  also  to  other  hig 
energy  radiation.  Among  the  background  contributions  In  the  saae  energy 
range  as  the  signal  are  secondary  radiation  produced  In  the  realdual  at¬ 
mosphere  and  spacecraft  structures  by  energetic  cosaic  rays,  the  diffuse 
x-ray  background,  photons  froa  celestial  x-ray  sources,  and  x-rays  froa 
the  sun  or  froa  the  sun-illualnated  earth  atmosphere.  The  higher  energy 
contributions  are  peaetratlng  cosale  rays  and  energetic  secondaries, 
trapped  particles,  and  natural  or  induced  radioactive  ealsslons  froa  the 
spacecraft  and  experiment  hardware.  The  radiation  environment  results 
in  a  background  counting  rate.  The  background  has  several  effects.  It 
aust  be  taken  Into  account  In  the  interpretation  of  the  measured  count¬ 
ing  rate,  places  a  limit  of  the  minimum  detectable  signal  flux,  and  dic¬ 
tates  that  the  detector  design  must  provide  for  discrimination  between 
the  background  and  the  true  signal. 

The  relativistic  galactic  cosale  ray  flux  consists  mostly  of  protons, 
with  about  15X  helium  nuclei,  and  a  few  percent  heavier  nuclei.  It  is 
Isotropic  In  near-earth  space.  The  flux  Is  about  1-3  nuclel/cm^  sec. 
The  spectrum  is  flat  up  to  about  500  MeV/nucleon  and  declines  rapidly 
above  a  few  BeV  per  nucleon.  The  flux  In  the  lower  energy  part  of  the 
spectrum  varies  with  solar  activity. 

Energetic  cosale  rays  produce  gaama-rays  In  Interactions  with  the  resi¬ 
dual  atmosphere  and  the  spacecraft/weapon  hardware.  The  secondary  gam¬ 
mas  have  energies  mostly  In  the  range  0.1  to  10  MeV  and  contribute  to 


*  The  radiation  background  has  been  reviewed  by  Peterson,  1975. 
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Che  background  In  several  important  ways.  Some  secondary  gaaaa-rays  are 
produced  wlchln  Che  deCecCor  acceptance  aperture,  eacer  Che  sensitive 
volume,  and  are  detected  like  photons  from  the  source  under  observation. 
Others  eject  electrons  froa  detector  walls  or  interact  with  aaterlal 
within  the  receiver  aperture.  It  is  difficult  to  distinguish  the  secon¬ 
dary  gamaa-rays  produced  by  the  cosmic  ray  flux  froa  true  signal  photons 
because  the  energies  and  directions  of  incidence  of  the  two  types  of 
particles  can  be  the  saae.  The  atmospheric  gaaaa-ray  flux  has  been 
measured  over  a  wide  range  of  energies,  altitudes,  and  latitudes  with 
directional  and  omnidirectional  detectors.  Froa  the  empirical  data  a 
gaaaa-ray  source  aodel  has  been  developed  which  is  useful  for  evaluating 
the  flux  (Peterson  et  al. ,  1973  and  Ling,  1975).  This  aodel  can  also  be 
used  to  estimate  an  upper  bound  on  the  secondaries  produced  by  cosaic 
ray  interaction  with  the  spacecraft,  because  the  spacecraft  aass  column 
density  is  usually  less  than  or  on  the  order  of  the  cosaic  ray  interac¬ 
tion  lengths  (Peterson,  1975). 

For  low  equatorial  orbits  the  highest  intensities  of  trapped  particle 
flux  are  encountered  in  the  region  known  as  the  South  Atlantic  Anomaly, 
but  over  much  of  the  near-earth  environment  the  intensities  are  high 
enough  to  prevent  low-background  observations.  Models  have  been  devel¬ 
oped  which  permit  the  calculation  of  the  Instantaneous  proton  and  elec¬ 
tron  Intensity  and  the  Integrated  dose  over  an  orbit.  The  electron 
energy  spectrua  extends  to  above  1  MeV  and  the  proton,  to  above  30  MeV. 
Some  types  of  detectors  must  be  turned  off  or  otherwise  protected  during 
passage  through  Intense  trapped  particle  regions  to  avoid  deleterious 
effects.  In  such  a  case  the  loss  of  observing  time  is  typically  20  - 
25Z.  The  trapped  protons  can  Induce  radioactivity  in  the  spacecraft/ 
experiment  hardware  by  secondary  neutron  capture  or  spallation  resulting 
in  a  persistent  background  increase. 

The  diffuse  cosaic  x-ray  background  extends  froa  a  few  KeV  to  200  MeV 
with  an  approximately  E-^*1  spectrins.  The  diffuse  radiation  inside  the 
acceptance  aperture  of  the  detector  contributes  to  the  background  count¬ 
ing  rate.  The  low  energy  portion  of  this  contribution  can  be  Halted  by 


input  collimators  which  restrict  the  acceptance  solid  angle.  The  por¬ 
tion  above  200  keV  can  penetrate  and  adds  to  the  gamma-ray  background 
rate. 

Galactic  and  extra  galactic  x-ray  sources  are  localized  in  the  sky  and 
they  will  contribute  to  the  detector  background  only  when  the  line  of 
sight  from  the  detector  to  the  region  under  observation  is  pointed  at 
the  location  of  a  celestial  source.  Such  a  line-up  may  not  be  a  common 
occurence,  however  a  celestial  source  may  contribute  substantial  confu¬ 
sion  if  it  is  in  the  field  of  view  because  of  time  variability. 

Among  binary  galactic  x-ray  sources  Cen  X-3  and  Her  X-l  display  peri¬ 
odicities  on  the  scale  of  seconds  (4.8  and  1.24  sec.  respectively)  and 
also  days  (2.067  and  1.7  days,  respectively).  Cen  X-3  also  has  quasi- 
random  "off"  periods  of  weeks  or  months  duration  and  Her  X-l  has  a 
quasi-regular  11  day  on,  24  day  off  periodicity  Cyg  X-3,  Vela  X-l,  and 
SMC  X-l  had  periods  of  4.8  h,  8.95  days  and  4.7  days,  respectively.  Cyg 
X-l  displays  fluctuations  as  short  as  0.5  msec.  The  luminosities  of 
binary  sources  are  typically  5  x  1037  ergs/sec. 

Supernova  remnants  are  less  luminous  (1033  -  I038  ergs/sec)  and  their 
spectra  are  generally  softer  than  the  binary  sources  Cas  A,  SN  1572, 
Tycho's  SN,  Cygnus  Loop,  Pup  A  and  Vela  X  are  examples  of  supernova  rem¬ 
nants.  The  Crab  Nebula  has  a  spectrum  that  has  been  studied  to  above 
300  keV.  It  has  a  spatial  extent  of  100  arc  sec  and  exhibits  pulsar 
time  variability. 

Transient  x-ray  sources,  lasting  a  few  weeks  to  months  have  been  ob¬ 
served  up  to  two  or  more  times  per  year.  Transient  gamma-ray  sources 
occur  with  a  much  faster  time  scale,  typically  tens  of  seconds. 

There  are  several  hundred  galactic  sources  with  luminosities  of  1037  - 
1038  ergs/sec  Including  Sco  X-l  and  Cyg  X-2  which  were  among  the  earli¬ 
est  celestial  x-ray  objects  studied.  Some,  such  as  Clr  X-l  have  extreme 
variability  over  a  wide  range  of  time  scales. 
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Extragalactic  x-ray  sources  in  general  produce  less  flux  In  near-earth 
orbit  and  their  spectra  decline  more  sharply  with  Increasing  energy  than 
galactic  sources.  Extended  extragalactic  objects  Include  galactic  clus¬ 
ters  such  as  Perseus,  Coma,  and  Virgo.  The  first  two  have  luminosity  of 
about  3  x  1044  ergs/sec.  Among  the  compact  extragalactic  sources  are 
QS03C273,  the  Seyfert  galaxies  NGC4151  and  NGC1275,  Cen  A  and  Cyg  A. 
The  luminosities  of  the  objects  are  104*  -  104-*  erg/sec.  NGC4151  has 
the  hardest  spectrum  (7  -  100  keV  observed)  with  a  luminosity  of  3  x 
104^  erg/sec. 

Like  the  celestial  x-ray  sources,  the  sun  contributes  temporarily  vary¬ 
ing  flux  to  a  detector  in  ^ear-earth  orbit.  The  x-ray  emission  origi¬ 
nates  In  the  solar  corona,  a  million  degree  plasma,  and  hence  is  pri¬ 
marily  in  the  energy  range  0.1  to  10  keV.  The  spectrum  hardens  appre¬ 
ciably  in  solar  flares,  and  the  flux  Increases  by  as  much  as  several 
order  of  magnitude.  The  characteristic  rise  and  duration  times  of 
flares  are  a  few  minutes,  or  less,  and  an  hour  or  two,  or  less.  Even  in 
quiescent  periods  the  solar  flux  Is  large,  because  the  source  is  close 
by,  in  astronomical  terms. 

The  solar  x-rays  may  reach  the  detector  not  only  directly,  but  also  by 
scattering  and/or  fluorescing  in  the  earth's  atmosphere.  The  fluores¬ 
cence  is  primarily  in  the  characteristic  x-ray  lines  of  oxygen  (325  eV) 
and  nitrogen  (392  eV).  During  solar  flares,  the  argon  K  emission  line 
(2.94  keV)  has  also  been  observed.  The  scattered  radiation  (Thomson 
scattering)  Is  at  even  lower  energies  than  the  lines.  The  albedo  is, 
only  relevant  to  observations  on  the  sunlit  side  of  the  earth  although 
precipitation  of  radiation  belt  particles  can  ttsult  in  night-side  x-ray 
emission  from  the  atmosphere.  The  low  energy  of  the  atmospheric  x-ray 
radiation  means  that  It  is  an  Important  source  of  background  only  for 
observations  of  very  soft  x-rays. 

From  the  brief  survey  presented  In  this  section  It  can  be  seen  that  x- 
ray  detection  of  directed  energy  weapon  hits  must  be  carried  out  in  a 


difficult  environment.  The  x-ray  background  covers  a  broad  spectral 
range  from  a  few  hundred  eV  to  hundreds  of  keV.  There  are  strong  back¬ 
ground  and  sources,  such  as  the  sun,  which  would  effectively  mask  the 
hit  signal  over  part  of  the  sky.  There  are  ubiquitous  weak  sources  of 
background  that  limit  the  minimum  detectable  hit  signature  flux.  There 
are  time-varying  sources  that  can  confuse  the  temporal  discrimination  of 
hits  against  background.  4s  discussed  in  the  next  section,  hardware  and 
data  processing  designs  have  been  developed  for  x-ray  astronomy  which 
can  be  useful  in  the  attempt  to  cope  with  this  complex  problem. 

A. 2  Detection  Instrumentation 

The  basic  detector  system  for  x-ray  astronomy  consists  of  a  collector, 
which  selects  x-rays  arriving  from  a  known  region  of  the  sky,  and  a 
detector,  that  records  the  selected  x-ray  flux.  For  soft  x-rays  (0.2  - 
2  keV)  the  collector  may  be  a  simple  mechanical  collimator  or  a  sophis¬ 
ticated  grazing  incidence  telescope.  For  more  penetrating  photons, 
elaborate  collimator  schemes  are  needed,  as  discussed  below.  Three 
types  of  detector  are  widely  used.  They  are  proportional  counters, 
scintillation  counters,  and  solid  state  detectors.  The  detector  systems 
flown  on  rockets,  satellites  acid  baloons  for  x-ray  astronomy  are  de¬ 
signed  to  deal  successfully  with  the  background  radiation  described  in 
the  previous  section.  In  some  cases  long  integration  times  or  repeti¬ 
tive  observations  are  used  to  obtain  a  good  signal  to  noise  ratio.  For 
the  directed  energy  weapon  hit  detection  application,  time  is  short.  It 
is  necessary  to  design  the  detector  sensitive  area  and  acceptance  solid 
angle  appropriately. 

A. 2.1  Detectors 

Proportional  Counters.  Various  forms  of  proportional  counter  have  been 
the  principal  detectors  used  in  the  0.2  to  ]0  keV  energy  range  (Glacconl 
et  al.  1968).  The  counter  consists  of  a  gas  and  electrodes  which  are 
arranged  so  that  there  is  a  high  electric  field  gradient  near  the  anode. 
An  x-ray  photon  that  is  absorbed  in  the  counter  gas  usually  ionizes  an 


atom  of  the  gas  by  ejecting  a  photoelectron  from  the  tightest  bound 
level  allowed  by  energy  conservation.  A  gas  multiplication  of  the 
charge  by  10^  to  10^  is  obtained  before  the  electrons  are  collected  by 
the  anode.  The  charge  pulse  at  the  anode  is  a  measure  of  the  photon 
energy.  The  spectral  resolution  primarily  depends  upon  the  fluctuations 
in  the  number  of  initial  electrons  and  in  the  gas  multiplication.  The 
efficiency  of  the  counter  is  determined  by  the  x-ray  transmission  of  the 
detector  entrance  window  and  the  absorption  of  the  detector  gas.  Noble 
gases  such  as  argon  or  xenon  near  atmospheric  pressure  are  commonly  used 
often  with  the  addition  of  10X  of  a  quench  gas  such  as  CH^  or  COj  to 
absorb  UV  photons,  inhibit  secondary  electrons  from  the  walls,  and  col- 
lisionally  deexcite  ions. 

Scintillation  Counters.  In  a  scintillation  counter  (used  from  about  20 
keV  10  MeV)  energetic  electrons  are  produced  in  a  (usually  solid)  medium 
by  incident  photons  and  excite  bound  states  of  the  material  by  colli¬ 
sion.  Radiative  deexcitation  releases  optical  photons.  These  are  de¬ 
tected  with  a  photomultiplier  which  puts  out  an  electrical  pulse  pro¬ 
portional  to  the  initial  energy  absorbed.  The  common  scintillation 
materials  are  alkali-halide  crystals  (Nal  or  Csl)  and  organic  crystals, 
plastics  (NE-102  or  Pilot  B) ,  and  liquids.  The  alkali-halides  are  usu¬ 
ally  doped  with  10~2  -  10”^  mole  fraction  T  or  Na  impurity  atoms  to 
produce  luminescent  levels  intermediate  between  the  filled  valence  band 
and  the  ordinarily  empty  conduction  band. 

Solid-State  Detectors.  Solid-state  detectors  are  based  on  the  proper¬ 
ties  of  electrons  and  holes  in  semiconducting  materials.  They  have  been 
used  over  a  broad  spectral  range  from  0.2  to  10,000  keV.  A  solid-state 
detector  consists  of  a  relatively  large  volume  of  intrinsic  Si  or  Ge 
sandwiched  between  and  in  electrical  contact  with  thin  layers  of  n-type 
and  p-type  material.  Incident  x-ray  photons  interact  in  the  intrinsic 
material  and  raise  electrons  from  the  valence  band  to  the  conduction 
band.  The  resulting  electron-hole  pairs  diffuse  under  the  applied  field 
and  are  collected  as  a  charge  pulse  at  the  output  electrode.  Because 
there  are  few  competing  energy-loss  or  recombination  processes  in  pure 
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intrinsic  material,  a  large  and  definite  fraction  of  the  energy  loss 
goes  into  electron-hole  production.  As  a  result  the  energy  resolution 
is  very  good  (.e.g.,  0.47%  at  10  keV).  The  materials  used  in  solid- 
state  detectors  are  p-type  Si  or  Ge  into  which  n-type  Li  is  drifted  to 
produce  Ge(Li)  devices. 

A. 2. 2  Discrimination  Against  Background 

With  the  exception  of  the  Einstein  Observatory  which  employs  a  grazing 
incidence  x-ray  telescope  to  provide  excellent  spatial  resolution,  x-ray 
astronomy  has  used  collimators  to  select  a  portion  of  the  sky  for  obser¬ 
vation.  To  discriminate  against  penetrating  radiation  in  the  space  en¬ 
vironment  shields  are  used.  A  collimator  limits  the  field  of  view  and 
thus  reduces  background  due  to  diffuse  radiation.  Similarly,  it  reduces 
the  probability  that  more  than  one  source  will  be  found  inside  the  ac¬ 
ceptance  aperture  of  the  detector  at  one  time. 

Grazing  incidence  optics  have  been  used  for  arc  second  spatial  resolu¬ 
tion  in  the  energy  range  below  about  6  keV.  They  allow  the  detector 
area  to  be  made  much  smaller  than  the  collecting  area,  which  can  help  to 
reduce  the  background.  High  resolution  x-ray  optics  require  careful 
fabrication  to  exacting  tolerances.  Simple  grazing  Incidence  optics 
with  poorer  resolution  have  also  been  used  in  the  same  energy  range  as 
“light  buckets". 

Recent  developments  have  made  it  possible  to  consider  a  new  class  of  x- 
ray  optical  systems.  These  optics,  still  in  developmental  stage,  use 
multilayered  structures  to  reflect  x-rays  at  larger-than-grazing  angles. 
The  structures  consist  of  alternate  layers  of  materials  with  high  and 
low  x-ray  absorption,  prepared  by  either  evaporation  or  sputtering  depo¬ 
sition.  The  layers  are  thin  (order  of  a  few  Angstroms)  and  numerous  (as 
many  as  200  layers).  The  advantages  of  this  approach  include  a  favor¬ 
able  ratio  of  mirror  area  to  collecting  area  and  wavelength-selective 
imaging,  which  arises  because,  at  a  given  angle  of  incidence,  the  re¬ 
flectivity  is  high  only  in  a  narrow  spectral  band.  The  implications  of 
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those  characteristics  for  the  hit-detection  application  are  discussed  in 
Section  4  of  this  report. 

When  only  low  energy  photons  need  be  dealt  with,  and  angular  resolution 
of  arc  minutes  to  degrees  is  all  that  is  needed,  a  very  simple  collima¬ 
tor  structure  can  be  used,  made  with  thin  walls  of  light  weight  mate¬ 
rial.  Honeycomb,  soda  straw,  egg  crate  and  slat  arrangements  have  been 
used.  At  energies  greater  than  20  keV,  photon  penetration  becomes  im¬ 
portant.  Anticoincidence  shields  can  remove  virtually  all  prompt  back¬ 
ground  effects  due  to  passage  of  cosmic  rays  through  the  detector.  The 
residual  background  due  to  photons  that  are  transmitted  through  the  rear 
and  side  of  the  collimator  must  be  made  less  than  or  equal  to  the  dif¬ 
fuse  flux  entering  the  detector  aperture  by  choosing  the  shielding 
thickness  appropriately.  A  scheme  called  the  Active  Anticoincidence 
Drilled  Collimator  meets  the  requirements  for  a  thick-sectioned  colli¬ 
mator  of  low  total  mass  (Peterson  et  al.,  1967).  In  this  system  col- 
limation  is  provided  by  drilling  aperature  holes  through  a  scintillator 
crystal,  e.g.,  Csl,  and  vetoing  detector  counts  occurring  in  coincidence 
with  a  count  in  the  collimating  crystal.  Optimized  designs  of  this  type 
of  instrument  have  been  developed  to  maximize  the  areal  efficiency  and 
response.  The  optimization  depends  on  the  radiation  environment  and 
hence  on  the  location  at  which  the  detector  will  be  used. 

Graded  shields  are  passive  protective  designs  in  which  two  or  more 
layers  of  different  materials  are  used.  The  layers  are  chosen  so  that 
valleys  in  the  absorption  just  below  the  K-edges  are  covered  by  the 
strong  absorption  above  the  K-eige  of  the  adjacent  material. 

The  purpose  of  the  collimator  and  shield  hardware  features  described 
above  is  to  reduce  the  effects  of  background  radiation.  Data  processing 
techniques  are  also  used.  The  simplest  Is  vetoing  a  detector  count  that 
occurs  In  coincidence  with  a  count  from  an  active  shield  or  collimator. 
Pulse  height  discrimination  can  be  used  to  reject  counts  due  to  spurious 
photons  when  the  detector  has  spectral  sensitivity  and  the  source  radi¬ 
ation  has  a  well-defined  spectrum.  Pulse  shape  discrimination  is  an 


A-9 


t 


efficient  means  of  rejecting  both  gamma-rays  and  penetrating  parti¬ 
cles.  The  basis  for  the  discrimination  is  pulse  rise  time  which  Is  much 
greater  for  radiation  with  a  long  path  length  than  it  is  moderate-energy 
x-rays.  The  spectral  range  in  which  pulse  shape  discrimination  can  be 
used  is  limited  because  of  statistical  fluctuations  in  the  pulse  shape 
at  low  energies  and  by  long  electron  ranges  at  high  energies.  In  multi- 
wire  proportional  counters  the  effects  of  secondaries  from  the  wall  can 
be  eliminated  by  operating  in  anticoincidence  with  the  outer  anodes. 
The  usefulness  of  this  technique  is  limited  to  low  energies. 
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